on the activities of alkaline phosphomonoesterase (ALP); acid phosphomonoesterase (ACP); phosphodiesterase (PD) and phosphotriesterase (PT).
MATERIAL AND METHODS
In the experiment, three forms of glyphosate were used: pure glyphosate, isopropylamine salt and potassium salt. Pure glyphosate (analytical standard 99.7% purity) was purchased from Fluka (Germany). Isopropylamine and potassium salts of glyphosate were used, respectively, as Roundup 360 SL (360 g/dm 3 ) and Roundup TransEnergy 450 SL (450 g/dm 3 ) produced by Monsanto Company. Glyphosate formulations also contained surfactants: polyethoxylated tallow amine (Roundup 360 SL), and polyethoxylated ether amine (Roundup TransEnergy 450 SL).
Soil samples were collected from the Gumieniecka Plain (53°24'N, 14°28'E), located in the West Pomeranian District, Poland. This field remained under conventional farming practices and had no history of glyphosate application in the previous three years. Soil samples were taken from 0-20 cm of the bulk soil on the field.
The soil was classified as sandy loam (43% fraction 1.0-0.1 mm; 30% fraction 0.1-0.02 mm; 27% fraction < 0.02 mm). Selected physical and chemical characteristics of the soil are as follows: pH 6.8, organic carbon (C) 10.9 g/kg, total nitroegn (N) 1.39 g/kg. To consider the spatial heterogeneity, soil samples were taken in triplicates, and each replicate consisted of five 10-cm auger cores. Then, the soil samples were manually and gently crumbled, mixed thoroughly, air dried at room temperature, and sieved through a 2-mm mesh to remove stones and plant roots before being used.
The experiments were conducted with the following 10 treatments: 0 (solvent control), and 1, 10, 100 mg/kg for glyphosate, its isopropylamine and potassium salts. Each treatment was replicated three times at each sampling stage. For each treatment, 1 kg soil was thoroughly mixed with glyphosate stock water solution to achieve the setting concentration. Samples were adjusted to 60% maximum water holding capacity.
All treatments were incubated in the dark at 20°C for 56 days in hermetic polyethylene bags. Samples from each treatment were collected after 1, 7, 14, 28 and 56 days for assays of phosphatase activities.
The acid phosphomonoesterase (EC 3.1.3.2) and alkaline phosphomonoesterase (EC 3.1.3.1) activities were determined as described by Tabatabai and Bremner (1969) . The phosphodiesterase (EC 3.1.4.1) and phosphotriesterase (EC 3.1.8.1) activities were determined according to Browman and Tabatabai (1978) , and Eivazi and Tabatabai (1977) , respectively. The yellow-band absorbance of the filtrate due to ρ-nitrophenol was measured at 400 nm with a Shimadzu UV-1800 spectrophotometer (Kyoto, Japan). Enzyme activities were calculated using a calibration curve.
Phosphatase activity determinations were performed on three replicates for each treatment, and the significance of the observed differences was verified using a two-way analysis of variance followed by the post-hoc Tukey's HSD test. Differences with a P value of < 0.05 were considered as significant. Principal component analysis (PCA) was used to analyse data for phosphatase activities. The first two principal components (PC1 and PC2) were selected for further interpretation of the results. The correlation coefficients between the measured parameters were interpreted as ordinary correlation coefficients. All statistical analyses were carried out using the Statistica 10.1 program (StatSoft, Kraków, Poland) .
Mean values of the enzyme activities were also used to calculate the relative changes according to the formula defined by Chaer et al. (2009): Where: T -mean enzyme activity in the treated soil sample; C -mean value obtained for the control.
RESULTS AND DISCUSSION
The effect of glyphosate and its formulations, on the activity of soil acid phosphomonoesterase; alkaline phosphomonoesterase; phosphodiesterase and phosphotriesterase is presented on Figures 1-4 .
In soil untreated with glyphosate and its formulations activities of phosphatases were ranged: ACP - Compared with the control, treatment with pure glyphosate and its formulations caused different changes (stimulation or inhibition) of phosphatase activities. The impact of glyphosate and its formulations depends on the day of the experiment and herbicide dosages. These results are in agreement with our previous studies (Płatkowski and Telesiński 2015a,b) . The effect of glyphosate on soil enzymes involved in phosphorus metabolism gave conflicting results: inhibition (Sannino and Gianfreda 2001 , Floch et al. 2011 , Yu et al. 2011 and stimulation (Nakatani et al. 2014 , Cherni et al. 2015 . Tejada (2009) reported that the effect of glyphosate on phosphatases is higher in sandy soil than in clay soil. The results are in agreement with our previous study (Płatkowski and Telesiński 2015b) . According to Franz et al. (1997) the phosphate group in glyphosate readily adsorbs to clay, aluminium and iron oxides in soil. However Krzyśko-Łupicka and Sudoł (2008) have shown that glyphosate does not accumulate in soil, since microorganisms are able to breakdown C-P bonds, resulting in the release of inorganic phosphorus. Microbial degradation of glyphosate, and other herbicides, in soils there is a function of three key variables: the ability of the microorganisms to degrade the pesticides, the quantity of these microorganisms in the soil, and the activity of the soil microbial enzyme system (Sannino and Gianfreda 2001) . Glyphosate with a P-containing amino acid could be a P-source, and provide C and N for soil microorganisms, when added to soil (Lane et al. 2012) . Hence, Yu et al. (2011) reported that soil acid phosphomonoesterase activity could be used as a biochemical indicator of glyphosate breakdown.
Analysis of the mean relative changes of the measured phosphatase activities showed that the application of glyphosate and its salts at dosages of 1 mg/kg and 10 mg/kg caused a slight impact on all enzymes. Only after the application of glyphosate isopropylamine salt (Roundup 360 SL) at a dosage of 10 mg/kg the decrease more than 10% was noted in phosphodiesterase activity. In soil treated with pure glyphosate and its salts at a dosage of 100 mg/kg a decrease in all mean phosphatase activities was observed. The acid phosphomonoesterase and phosphodiesterase proved to be the most sensi- 
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Plant Soil Environ. Vol. 62, 2016, No. 6: 286-292 doi: 10.17221/673/2015-PSE tive to the presence of glyphosate (Table 1) . This is similar to our previous research in sandy soil (Płatkowski and Telesiński 2015b) . The greatest effect on phosphatase activities in soil was observed after the application of Roundup 360 SL (containing glyphosate isopropylamine salt), but the presence of polyethoxylated tallow amine causes glyphosate toxicity increase. Several studies have reported that the toxicity glyphosate-based herbicides to organisms is largely due to surfactants in the mixture. Specifically, glyphosate formulations containing polyethoxylated tallow amine were more toxic than pure active substance or some formulations with other surfactants (Howe et al. 2004 , Moore et al. 2012 , Uren-Webster et al. 2014 ). However, the results obtained by Sihtmäe et al. (2013) show the different effect of two glyphosate formulations (Roundup Quick and Roundup Max) on the soil bacteria that are the main biological detoxifiers of glyphosate in soil. Roundup Quick (without polyethoxylated tallow amine) was less toxic to soil bacteria strains than Roundup Max (with polyethoxylated tallow amine). PCA was carried out to ascertain the relationships between the activity of phosphatases in soil. Eigenvalues from PCA indicated that the first two principal components accounted for 78.89% of the variance of data (PC1: 59.46% and PC2: 19.43%; Table 2 and Figure 5 ) ACP, ALP and PD had a major positive effect on PC1, while PT had a major positive effect on PC2.
Correlation analysis among soil phosphatase activities in soil treated with glyphosate and its formulations indicated that acid phosphomonoesterase and phosphotriesterase were not sig- ACP -acid phosphomonoesterase; ALP -alkaline phosphomonoesterase, PD -phosphodiesterase; PT -phosphotriesterase 
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doi: 10.17221/673/2015-PSE nificantly correlated (Table 5 ). Other phosphatase activities were significantly positively correlated (P < 0.05). Moreover, alkaline phosphomonoesterase had a significant positive correlation with acid phosphomonoesterase (0.696, P < 0.01) and with phosphodiesterase (0.605, P < 0.01) ( Table 3 ).
In conclusion, the effect of glyphosate and its formulations depend on the day of the experiment and herbicide dosages. In soil treated with all glyphosate forms at dosages of 1 and 10 mg/kg, slight changes of mean phosphatase activities in sandy loam were observed, whereas the glyphosate dosage of 100 mg/kg decreased the mean phosphatase activities. Among the measured phosphatases, alkaline phosphomonoesterase and phosphodiesterase occurred the most vulnerable on the presence of glyphosate and its formulations in soil. The highest inhibitory effect on phosphatase activities in soil was observed after the application of Roundup 360 SL (containing glyphosate isopropylamine salt and surfactant polyethoxylated tallow amine). Application of the highest dosage of Roundup 360 SL caused a decrease in mean ALP, ACP, PD and TP at the level: 22.54, 18.54, 34.09 and 12.55%, respectively, whereas in soil treated with pure glyphosate the inhibition of mean phosphatase activities was 11.19, 9.57, 13.91 and 7.02%, and in soil wit Roundup TransEnergy 450 SL (containing glyphosate potassium salt and surfactant polyethoxylated ether amine) -21.34, 14.82, 19.68 and 8.22%, respectively. 
